Calorie restriction (CR), without malnutrition, increases maximal lifespan in diverse species. It has been proposed that reduction in energy expenditure and reactive oxygen species (ROS) production could be a mechanism for life span extension with CR. As a step towards testing this theory, mitochondrial proton leak, H 2 O 2 production and markers of oxidative stress were measured in liver from FBNF 1 rats fed control or 40% CR diets for 12 or 18 months. CR was initiated at 6 months of age. Proton leak kinetics curves, generated from simultaneous measures of oxygen consumption and membrane potential, indicated a decrease in proton leak after 18 months of CR while only a trend towards a proton leak decrease was observed after 12 months.
INTRODUCTION
Calorie restriction (CR), without malnutrition, is the only intervention that has consistently been shown to increase maximum lifespan in laboratory rodents (60) . In addition to increasing lifespan in rodents, CR also delays the onset of diabetes, hypertension, many types of cancers, as well as other age-related physiological and pathological conditions (60) . This shows that CR not only extends lifespan but also retards the rate of biological aging. The mechanism(s) responsible for the actions of CR, however, are still unknown.
Two theories of aging, the rate of living theory (42) and the free radical theory (24) , have both been proposed as possible mechanisms for the retardation of aging and diseases by CR (56) .
However, both of these theories may contain the same mechanism since mitochondria are central to both energy metabolism and ROS production. Since both processes contain a common mitochondrial link, it is reasonable to assume that alterations in energy expenditure (defined here as any process that converts food or stored energy to heat and work) could influence ROS production. Thus, both theories may be linked by common reduction in mitochondrial ROS production. While studies have clearly indicated a reduction in mitochondrial ROS production with CR (4, 17, 38, 56) , the relationship of CR to mitochondrial energy metabolism is less clear.
Whole animal studies have been used to conclude that CR either decreases (15) or does not alter energy metabolism (39) , however measures of cellular energy expending processes are needed to truly determine the effect of CR on energy metabolism. Mitochondrial proton leak (defined here as proton movement across the mitochondrial inner membrane, independent of ATP formation) was chosen as the focus for this study because proton leak is both a major contributor to resting energy expenditure and has been proposed to play a role in regulation of ROS production (50, 53). Also, proton leak appears to increase with age (27) and this could be due to stimulation of proton leak by oxidative damage to the mitochondrial inner membrane (10) .
Proton leak is a process that uncouples oxidative phosphorylation by allowing protons to bypass the H + -ATPase and passively cross the mitochondrial inner membrane. Mitochondrial proton leak is responsible for approximately 20 -30% of resting oxygen consumption/energy expenditure (49, 50). While proton leak is often called a futile cycle, it is likely that a process that consumes such a large amount of energy exists to serve some function. Suggested functions of proton leak include heat production, protection from ROS generation and regulation of carbon fluxes (49). Much interest has focused lately on the role proton leak may play in regulating ROS production. This link stems from studies in isolated mitochondria that have shown a decrease in H 2 O 2 production following the addition of an uncoupler (5) . It has been clearly demonstrated that uncouplers decrease ROS production when added to isolated mitochondria (53). However, it is possible that the effect of uncouplers on ROS production in isolated mitochondria is different from the effects of long-term in vivo uncoupling on ROS production. Addition of uncouplers to isolated mitochondria does not allow for any genetic response to uncoupling and does not allow for mitochondrial adaptation to sustained alterations in proton leak. We have previously shown that both proton leak and H 2 O 2 production were decreased in skeletal muscle of rats following six months of CR (4) . Similarly, hypothyroidism decreases both proton leak (25) and H 2 O 2 production (59). In contrast to uncoupler studies in isolated mitochondria, proton leak studies at the whole animal level suggest that long-term proton leak changes in vivo are positively correlated with mitochondrial ROS production.
Therefore, we propose that long-term CR lowers mitochondrial proton leak and that this reduction will be associated with a reduction in mitochondrial ROS production. To test this hypothesis, we measured proton leak kinetics and H 2 O 2 production in liver mitochondria isolated from rats maintained on a 40% CR diet for a period of 12 and 18 months. Top-down metabolic control analysis was also completed on the mitochondria to better determine the effect of CR on the regulation of oxidative phosphorylation. Markers of protein and lipid oxidative damage, as well as organ weights, were also measured.
METHODS

Animals and diets.
Male FBNF 1 rats were purchased from the NIA Aging Rodent
Colony (Bethesda, MD) and were used for all phases of this study. At six months of age, the rats were randomly assigned to either control or CR groups. The control group was fed an AIN-93M purified diet at 95% of average ad libitum food intake while the CR group was fed a modified AIN-93M diet (Research Diets, New Brunswick, NJ) at 60% of ad libitum intake, as previously described (47). The corn starch (carbohydrate) component of the restricted diet was decreased, resulting in an increase in the percentage of protein, fat, minerals, and vitamins in the restricted diet and, thus, achieving equal absolute daily intakes of essential nutrients between control and CR groups. The energy intakes were 62 kcal/day for the control and 38 kcal/day for the restricted rats. All animals were fed between 8 -9 AM each day. The rats were caged individually, maintained on a 12 hr light:dark cycle at 23°C, and allowed free access to water during all stages of the study. At the 12 month CR time point (18 months of age), five control and six CR animals were used for the study, while at the 18 month CR time point (24 months of age), seven control and seven CR animals were used. All animal protocols were approved by the Mitochondria isolation and Percoll gradient fractionation. All animals were food deprived overnight prior to euthanasia. Rats were sacrificed by decapitation and livers removed rapidly, weighed and placed into ice-cold isolation medium (250 mM sucrose, 10 mM Tris/HCl, 1 mM EGTA, 0.1% defatted BSA, pH 7.4). The livers were finely chopped and rinsed in the isolation medium to remove excess blood, and mitochondria were isolated using previously described methods (13) . Briefly, liver (10% w/v in isolation medium) was transferred to an icecold glass-Teflon homogenizer and homogenized with six strokes of the pestle. The homogenate was centrifuged at 1000 x g for 5 minutes at 4°C and the resulting supernatant was decanted into clean centrifuge tubes and centrifuged at 12,000 x g for 10 minutes (4°C). The supernatant was discarded and the pellet gently re-suspended in isolation medium using a cooled glass rod and centrifuged again at 12,000 x g. The pellet was then re-suspended in isolation medium without BSA, centrifuged at 12,000 x g, and the resulting mitochondrial pellet was suspended in isolation medium without BSA, and stored on ice. (28), is an approach that allows the control exerted by specific enzyme reactions over flux through a metabolic pathway to be quantified. Traditionally, this approach has determined the control structure of metabolic pathways by successively manipulating the activities of individual enzymes and determining the effect of these manipulations on flux through the pathway. In contrast to this traditional approach, the top-down approach determines the control exerted by blocks of reactions, rather than individual enzymes, over both the flux through the metabolic pathway and the concentration of pathway metabolites. The theory and application of top-down metabolic control analysis is the subject of several reviews (7, 26, 46) . Protein assays. In all samples, protein concentrations were determined by using a BioRad protein assay kit. However, protein concentrations for the protein carbonyl assays were determined with a BCA protein assay kit, since the presence of high guanidine-HCl in samples interfered with the Bio-Rad assay system. BSA was used to generate standard curves for both protein assays. In the case of the BCA assay, the standard curve was generated in the presence of guanidine-HCl at concentrations similar to those found in the samples. No differences in mitochondrial protein yield (mg protein/g wet weight of liver) were observed between control and CR rats.
Statistical analysis.
Comparisons between control and CR groups were completed using the Student's t-tests and comparisons within a treatment group were completed using paired Student's t-tests, with P < 0.05 considered significant and 0.05 < P 0.1 considered a trend. All statistical analyses were completed using JMP software (SAS Institute, Cary, NC). Results are presented as means and standard deviations or standard errors (indicated in the tables or figure legends).
RESULTS
Organ and body weights. Organ and body weight results are summarized in Table 1 . As expected, body weight was significantly lower (P < 0.05) in CR compared with control rats at both the 12 and 18 month assessments. The 35 and 40% difference in body weight between the CR and control rats at the 12 and 18 month assessments, respectively, are similar in magnitude to the level of CR used in this study. Interestingly, the only organ that showed a weight change of a magnitude similar or greater than the magnitude of CR was liver, which showed a 40% and 50% difference (P < 0.05) between control and CR groups at 12 and 18 months of CR, respectively.
Heart and kidneys were the only other organs that showed a weight difference (P < 0.05) between control and CR groups. Heart showed a weight reduction of 24 -28% in CR rats, while kidney weights were reduced 22 -28% by CR. All other organs weights were not significantly different between the two treatment groups.
Proton leak, substrate oxidation and phosphorylation systems kinetics. Mitochondrial proton leak, substrate oxidation and phosphorylation kinetics are shown in Figure 1 (12 month assessment) and Figure 2 (18 month assessment). At 12 months of CR, maximum leakdependent respiration (the furthest point to the right in the kinetics curve) showed a trend (P = 0.10) towards being lower in the CR compared to control group, while membrane potentials were not different between groups at this maximum leak-dependent respiration point (Fig. 1C) .
However, membrane potential values in other parts of the curve (Fig. 1C ) were higher (P < 0.05) in CR versus control rats when compared at similar oxygen consumption rates. This shift in the proton leak kinetics curve towards higher membrane potential values in the CR group suggests a modest decrease in proton leak with CR. Similar to the proton leak curve, the phosphorylation (Fig. 1B ) and substrate oxidation (Fig. 1A ) plots showed slight differences between the two diet groups. The 12 month respiratory chain kinetics plot was shifted by CR in a manner such that the CR animals showed a trend towards higher membrane potentials at similar respiration rates when compared to the controls (Fig. 1B) . In the 12 month respiratory chain kinetics plot, membrane potential values were similar between control and CR groups, however, respiration rates were lower (P < 0.05) in the CR compared to control animals (Fig. 1A ).
Proton leak, phosphorylation and respiratory chain kinetics plots were very different between control and CR groups at 18 months of CR. Maximum leak-dependent respiration showed a trend towards being lower in CR versus control group (P = 0.08), while membrane potential was higher (P < 0.05) in the CR versus control group at this point (Fig. 2C) . Overall, proton leak kinetics curve showed a shift with CR such that the CR animals consistently had higher membrane potentials than the control animals over a range of oxygen consumption rates.
These results show a lower proton leak rate in the CR compared to control group at 18 months of CR. Similar to the proton leak results, CR animals consistently had higher (P < 0.05) membrane potentials over a range of respiration rates in both phosphorylation (Fig. 2B ) and substrate oxidation ( Fig. 2A ) kinetics plots. Respiratory control ratios were also significantly different (P < 0.05) between control (3.37 ± 0.13) and CR (3.73 ± 0.07) groups at the 18 month assessment.
This difference in the respiratory control ratio is consistent with the conclusion that CR decreases liver mitochondrial proton leak.
Mitochondrial H 2 O 2 production. H 2 O 2 production was measured in intact mitochondria isolated from control and CR rats at 12 and 18 months of CR. At the 12 month assessment point (Fig. 3 ), no differences (P > 0.05) were observed between control and CR groups when the mitochondria were respiring on either succinate or pyruvate plus malate. Also, no differences (P > 0.05) were observed between groups when inhibitors (antimycin A or rotenone) were used with either substrate.
Higher levels of H 2 O 2 were produced by both control and CR mitochondria when respiring on succinate versus pyruvate/malate (P < 0.05). When antimycin A was included in the assay, the highest (P < 0.05) levels of H 2 O 2 production were detected with both substrates and in both control and CR mitochondria. However, in the presence of rotenone, significantly (P < 0.05) lower levels of H 2 O 2 were detected when succinate was the substrate, in both controls and CR, when compared with substrate alone, whereas significantly higher levels of H 2 O 2 production were detected when pyruvate/malate was the substrate (P < 0.05), when compared with substrate alone.
At the 18 month assessment, mitochondria from CR group respiring on succinate alone showed a decreased H 2 O 2 production (P < 0.05) when compared to the control group (Fig. 4) .
When mitochondria were respiring on pyruvate/malate, CR mitochondria showed decreased H 2 O 2 production (P < 0.05) when compared with controls following the addition of rotenone. No significant changes were observed between the control and CR groups when mitochondria were respiring on either pyruvate plus malate alone or following the addition of antimycin A.
Markers of oxidative stress. Protein carbonyls and lipid peroxidation values for 12 and
18 months are shown in Figures 5 and 6 , respectively. For protein carbonyls, no differences were observed between the control and CR groups at 12 months (Fig. 5) , whereas a significant increase was observed in the control versus CR groups at the 18 month assessment (Fig. 6 ).
However, lipid peroxidation was not different between the two groups at either the 12 or 18 month assessments.
Top-down metabolic control analysis. Top-down metabolic control analysis was completed on mitochondria at both the 12 and 18 month assessments to determine possible changes in the regulation of oxidative phosphorylation with CR. Flux control coefficients over subsystem fluxes and concentration control coefficients over m are summarized in Table 2 (state 3 conditions) and Table 3 (state 4 conditions). Under state 3 conditions, CR did not alter the control of oxidative phosphorylation at either 12 or 18 months of CR. At both assessment points and in both treatment groups, the phosphorylation system exerted the greatest control over substrate oxidation flux. For both control and CR groups, the remaining control of substrate oxidation flux was equally divided between the substrate oxidation and proton leak subsystems at the 12 month assessment, while at the 18 month assessment greater control was exerted by substrate oxidation than proton leak.
The phosphorylation subsystem exerted the greatest control over its own flux in both groups and at both time points, while the substrate oxidation system also exerted a considerable positive control over phosphorylation flux in both control and CR animals. Proton leak exerted a smaller negative control over flux through the phosphorylation system that was of a similar magnitude in both the control and CR groups.
Under State 3 conditions, proton leak flux was controlled almost exclusively by the proton leak system itself. This control pattern was the same in both control and CR groups at both the 12 and 18 month assessments.
Under State 4 conditions, substrate oxidation and proton leak flux was primarily controlled by the proton leak system. At the 12 month assessment, there was a shift in control of State 4 substrate oxidation and proton leak flux such that proton leak exerted less control and substrate oxidation more control over these processes in the CR versus control mitochondria.
However, by the 18 month assessment State 4 flux control coefficients were identical in the control and CR groups.
Concentration control coefficients over m were identical between control and CR groups at both the 12 and 18 month assessments and under both state 3 and state 4 conditions.
DISCUSSION
In this study, a reduction in proton leak was observed in liver mitochondria at 18 months of CR, while only a trend towards a proton leak reduction was observed at 12 months of CR.
Decreases in mitochondrial H 2 O 2 production and protein oxidative damage with CR were also first observed at the 18 month assessment. These liver mitochondrial results indicate that longterm CR lowers both proton leak and H 2 O 2 production.
CR is the only intervention that has consistently been shown to increase maximum lifespan in laboratory rodents (60) . Lifespan extension with CR is due to a reduction in energy intake and not a reduction in the consumption of a specific nutrient (38) . Because energy metabolism is central to the actions of CR, it is attractive to propose that reduction in energy expenditure may be a mechanism contributing to lifespan extension with CR. However, whole animal studies reporting no difference in mass-adjusted energy expenditure between control and CR rats (39) have been used to refute the idea that a reduction in energy expenditure may be a mechanism contributing to the actions of CR. The data normalization procedures used in whole animal studies, however, may mask important shifts in energy metabolism that occur at the cellular level. This may occur because current methods for normalizing energy expenditure for body size differences often assume that the composition of lean mass will be similar between CR and control animals. Increasing evidence indicates that this assumption is false.
To better understand body composition changes with CR that could contribute to alterations in energy expenditure, organ weights were measured in both control and CR animals.
Our results support the conclusion that CR does not result in a uniform change in organ weights.
In our study, only body and liver weights showed a reduction in the CR group similar to the magnitude of the CR, with the size of liver weight reduction actually slightly exceeding the level of CR at 18 months (Table 1 ). In contrast, other organs either showed no change in weight (e.g.
brain, lungs) between control and CR rats or a decrease in weight (e.g. heart, kidneys) that did not reach the magnitude of the restriction. Similarly, previous studies have also shown that longterm CR does not result in uniform changes in the weights of internal organs (20, 23, 60) , and this non-uniform change in organ mass with CR could have important implications for drawing conclusions about cellular energy expenditure from whole animal data. Different tissues or organs do not have uniform rates of energy expenditure, and internal organs contribute greater than 50% of resting energy expenditure despite the fact that they represent less than 10% of total body weight (48). Taken together, our study and those previously published (20, 23, 60) indicate that internal organs represent a greater portion of body weight in CR compared to control animals. These body composition alterations complicate whole animal comparisons between control and CR groups and, therefore, measurements of cellular energy-consuming processes are required to determine the role alterations in energy expenditure may play in the actions of CR.
To better understand the effect of CR on cellular energy expenditure, it is important to measure the activity of major cellular energy consuming pathways. Mitochondrial proton leak is a process of particular interest because it is responsible for 20-30% of resting energy expenditure (49, 50) and may play an important role in regulating ROS production (49, 53). In our study, liver mitochondrial proton leak was lower in CR versus control animals at the 18 month assessment (Fig. 2) , and it appears that a trend towards a reduction in proton leak was developing in the CR group at the 12 month assessment. These results differ from our previous study (47) which found no significant change in proton leak kinetics at either one month or six months of CR. Similarly, another study has recently reported that proton leak kinetics was not altered with a very short-term CR of 3 days (16). Taken together, the available data indicate that CR either induces an age-related decrease in proton leak or opposes an age-related increase in proton leak in liver. This CR-induced alteration in proton leak is very different from that observed in skeletal muscle where clear alterations in proton leak kinetics were observed by 2 weeks of CR (4). Thus, tissues appear to show differences in the time-course needed for development of proton leak reductions in response to CR. Clearly the duration of CR and/or age and tissue type play a major role in determining proton leak response to CR.
In contrast to our findings, a recent study by Lambert and Merry (35) has reported that proton leak is increased with CR in rat liver mitochondria. The differences in results between our study and those of Lambert and Merry could be related to differences in the experimental design of the two studies. Lambert and Merry (35) have used Brown Norway rats that were started on CR at 60 days of age, and CR was maintained through weight clamping rather than a set level of CR. Thus, rat strain, age of CR initiation and protocol for maintaining CR all differed from our study and it is possible that this contributed to the proton leak differences between studies. If proton leak is truly increased under some CR conditions, future studies will be needed to determine why the animal would divert scarce energy resources to increasing the activity of a major energy consuming pathway.
The mechanism(s) responsible for the development of changes in liver mitochondrial proton leak with long-term CR are not known. Although UCPs have been proposed to play a role in regulating proton leak (1), liver parenchymal cells do not contain UCPs and, therefore, changes in proton leak in liver are not likely due to altered expression of known UCPs (40).
However, it is possible that prolonged increases in liver -oxidation may induce UCP2 expression (19) . Alternatively, adenine nucleotide translocase (11) or a newly identified mitochondrial carrier protein (57) could potentially contribute to mitochondrial proton leak in liver. Membrane oxidative damage has also been shown to increase proton leak (10).
Furthermore, mitochondrial proton leak in hepatocytes is increased with aging, a process characterized by increased tissue oxidative damage (27). However, differences in proton leak between control and CR animals appeared to be emerging at the 12 month assessment. These results suggest that changes in proton leak may precede the development of oxidative damage to the mitochondria, however, it is possible that oxidative damage at least partially contributes to the proton leak differences observed between groups at the 18 month assessment. Since oxidative damage appears to increase proton leak (10) , and proton leak appears to be associated with increased oxidative damage, these precesses may interact to create a "vicious cycle" of increasing ROS production and oxidative damage. Membrane fatty acid composition and surface area have also been proposed to play a major role in regulating the rate of proton leak (8, 9, 45) and it is likely that changes in either of these parameters could contribute to the observed alterations in proton leak with CR. While little is known about the effect of CR on mitochondrial membrane surface area, several studies have shown that CR changes mitochondrial membrane fatty acid composition (33, 34, 47). These studies (33, 34) have also shown changes in membrane composition occur in both control and CR animals throughout the life span. Thus, the delayed changes in proton leak that were observed in this study could be due to a diet and age interaction affecting membrane composition.
In addition to measures of proton leak kinetics, mitochondrial H 2 O 2 production was also measured at both assessment points. At the 12 month assessment, no significant differences were observed between the control and CR groups (Fig. 3) . At the 18 month assessment (Fig. 4) clearly implicates complex I as a site for ROS generation through electron backflow from complex II. This mechanism has been reported previously (2, 12) . The differences between control and CR H 2 O 2 production, when mitochondria were respiring on succinate alone, were abolished in the presence of rotenone, indicating that the difference between the two groups was due to ROS generation at complex I. Furthermore, it appears that CR has little effect on ROS production at complex III since differences between groups were not observed when mitochondria were respiring on pyruvate plus malate alone or in the presence of antimycin A.
This conclusion is also supported by the fact that no differences between groups in H 2 O 2 production were observed in mitochondria respiring on succinate in the presence of rotenone.
Our finding that differences in liver ROS production between control and CR groups do not occur until at least late middle-age is in agreement with several studies that have indicated differences in markers of liver oxidative damage only occur between control and CR animals later in life. Studies measuring 8-hydroxy-2 -deoxyguanosine as a marker of DNA oxidative damage have reported that differences emerge between control and CR animals at either 23 months of age in mice (54) or 30 months of age in rats (32). Studies of lipid peroxidation in liver have also reported differences between control and CR rats only after the animals reached 30 months of age (18) . Similarly, a study measuring protein carbonyl content in liver from rats reported that significant age-related increases in protein oxidative damage did not occur until the animals were 24 months old (58) . These oxidative damage measures support our conclusion that differences in liver H 2 O 2 production do not occur between control and CR animals until later in the lifespan.
In addition to oxidative stress measures, we are aware of only one study (37) that has measured liver H 2 O 2 production in rats maintained on long-term CR. Similar to our study, the above mentioned study reported a decrease in liver H 2 O 2 production with CR. However, the work of Lopez-Torres and colleagues (37) differed from our results in that a reduction in H 2 O 2 production was observed when mitochondria were respiring on pyruvate plus malate alone while no differences in H 2 O 2 production were observed with succinate alone. The reason for the difference between the two studies is not clear, although it could be related to the age at which CR was initiated (6 months for our study versus 12 months for the Lopez-Torres study).
In addition to measures of proton leak kinetics, substrate oxidation and phosphorylation system kinetics were also measured in control and CR groups. Data from the measures of proton leak, substrate oxidation and phosphorylation kinetics were analyzed together for top-down metabolic control analysis. At both 12 and 18 month assessments, shifts in the kinetics of the three subsystems of oxidative phosphorylation tended to occur in concert such that no substantial alterations in control of oxidative phosphorylation occurred in CR versus control animals at either time point. The reason for these shifts is not entirely clear, although there is some evidence for age-related changes in components of both substrate oxidation and phosphorylation pathways. The phosphorylation system, as studied under our conditions, consists primarily of H + -ATPase (complex V) and transport proteins (adenine nucleotide translocase and phosphate transporter), while the substrate oxidation system in our study consists of the electron transport chain (ETC) (excluding complex I). A few studies have indicated age-related impairments in the ETC (14), H + -ATPase (41) and adenine nucleotide translocase (61), however, these studies were not completed in rat liver. Nevertheless, it is possible that the changes observed in the substrate oxidation and phosphorylation kinetics curves between control and restricted animals reflects a resistance in age-related impairments to mitochondrial membrane components. However, it is important to note that our results clearly show that CR does not preferentially alter or protect one specific component of the mitochondrial oxidative phosphorylation system since regulation of oxidative phosphorylation was not altered by CR despite the fact that significant changes in kinetics curves for each of the subsystems were observed between diet groups. Also, our results did not show the age-related alterations in liver oxidative phosphorylation that have been previously reported when comparing 3 month old versus 30 month old mice (27), and thus our rats may have not reached an age where age-related disregulation of oxidative phosphrylation occurs. The lack of a CR-induced alteration in the regulation of liver oxidative phosphorylation at 6 months of CR (47) or at the later time points described in this study contrast with the rapid and sustained alterations in control of oxidative phosphorylation seen in skeletal muscle with CR (4). This further demonstrates the tissue-specific alterations in energy metabolism that occur with CR and indicates that broad conclusions about energy metabolism alterations with CR should not be made from single tissue or time point measurements.
Our results show that mitochondrial proton leak is decreased with long-term CR, a finding consistent with the idea of reduced energy expenditure, and shows that this reduction in proton leak is associated with a reduction in mitochondrial H 2 O 2 production. However, this finding appears to contradict the common notion that mitochondrial uncoupling and UCPs function to inhibit ROS production (30, 53). This conclusion that uncoupling protects against ROS production stems initially from work showing that addition of uncoupling agents to isolated mitochondria decreases ROS formation (5). The mechanism for this decrease in ROS production is an increased flux through the respiratory chain that prevents the chain from remaining in a reduced state. Alternatively, proton leak may also decrease ROS formation by lowering m (53). However, the relationship between proton leak and ROS production appears to be more complex than these generalities. In the case of CR, an increase in proton leak could be one method to decrease ROS production, however, this would be energetically costly and there is no clear evolutionary reason why a CR animal would benefit from shifting scarce energy resources towards a reduction in ROS generation. However, in this study we have shown that long-term CR induces a reduction in both proton leak and ROS production in liver. We have previously reported a similar positive correlation between proton leak and ROS production in skeletal muscle with CR, although the time course for skeletal muscle changes were different from those observed in liver (4). These results suggest that under long-term physiological conditions, a reduction in proton leak is associated with a reduction in ROS production. In support of this conclusion, long-lived animal species tend to have low rates of H 2 O 2 production (43, 55) and low proton leak rates (44) . Similarly, hypothyroidism is associated with a decrease in both proton leak (25) and H 2 O 2 production (59). Proton leak has been proposed to serve many functions and it is possible that alterations in ROS production are not a primary function of proton leak but instead occur secondarily to other functions of this process. Possibly, the central function of proton leak may involve regulating flux through the ETC under resting conditions. A sustained change in proton leak will thus be associated with an alteration in ETC flux, and it seems unlikely that such a change would be met without any mitochondrial adaptations. It is possible that mitochondria adapt to a sustained reduction in proton leak with a decrease in ETC and/or decreased membrane surface area. There is evidence that CR decreases ETC chain activity in skeletal muscle mitochondria (14) , and this may reflect a downregulation in mitochondrial ETC content. A downregulation of mitochondrial ETC content secondary to CR-induced reductions in proton leak (or other energy expending processes) could result in a reduction in ROS production by decreasing available sites for ROS production. However, this is speculation and additional studies will be needed to determine if a reduction in proton leak is a critical mechanism leading to a reduction in ROS production, and if long-term changes in proton leak modulate ROS production by inducing alterations in mitochondrial ETC content.
The results of this study indicate that long-term CR is associated with a decrease in both liver mitochondrial proton leak and a reduction in mitochondrial H 2 O 2 production. These changes are consistent with idea that energy metabolism is reduced with CR. Furthermore, these results contradict current opinion that a primary function of proton leak is to reduce ROS production and instead suggest that a reduction in proton leak may be a mechanism for reducing ROS production. Proton leak kinetics were completed with 10 mM succinate and oligomycin (8 µg/mg mitochondrial protein). All measurements were completed as described in the Methods section.
C, control; CR, calorie restricted. Values are presented as means and standard errors. Proton leak kinetics were completed with 10 mM succinate and oligomycin (8 µg/mg mitochondrial protein). All measurements were completed as described in the Methods section.
C, control; CR, calorie restricted. Values are presented as means and standard errors. . Liver mitochondrial marker of oxidative stress at 18 months of restriction in control (n = 7) and calorie restricted (n = 7) FBNF 1 rats. Lipid peroxidation (A) were determined as malondialdehyde thiobarbituric acid aducts and protein carbonyls (B) were determined using 2,4-dintrophenylhydrazine. All measurements were completed as described in the Methods section. 
